Abstract Food allergy is a common condition for which the only currently approved treatments are avoidance of the allergenic food and the administration of emergency medications upon accidental exposure. Over the past 10 years, significant advances have been made in the field of food immunotherapy, with efforts focusing on allergen exposure via the oral mucosa. Oral immunotherapy (OIT) and sublingual immunotherapy (SLIT) are the two modalities that have been most extensively studied, and this article will review recent advances in our knowledge of the efficacy and safety of these treatments.
Introduction
Food allergy is a common condition that affects approximately 3-6 % of the US population [1] , and its prevalence appears to have increased in industrialized countries over the past 15 years [2, 3] . For many individuals, food allergy persists into adolescence and adulthood [4] [5] [6] , and despite careful food avoidance, life-threatening reactions to foods still occur [7, 8] . The only currently approved treatments for food allergy are food avoidance and the administration of emergency medications upon accidental exposure. Because of the unpredictability of these serious reactions and the lack of adequate treatment options, quality of life is significantly impaired in those with food allergy [9] . For these reasons, safe and effective therapies for this condition are highly desirable.
Immunotherapy relies on the delivery of increasing amounts of allergenic proteins over a period of time in a physician-monitored clinical setting, with the goal of developing desensitization and eventual tolerance to the protein.
While the exact mechanisms underlying allergen immunotherapy are not fully understood, immunotherapy is known to induce allergen-specific regulatory T and B cells, which secrete IL-10 and suppress allergen-specific Th2 responses. This response is coupled with an initial increase in allergen-specific IgE and IgG4 levels, and decreases in mast cell, basophil, and eosinophil mediator release [10] .
Over the past century, immunotherapy has been effectively used to treat various immediate hypersensitivity reactions, including asthma, allergic rhinitis, and venom hypersensitivity. In the early 1990s, the first trials examining immunotherapy for food allergy were conducted, using subcutaneous administration of peanut extract [11, 12] . These early trials demonstrated an unacceptably high level of systemic reactions [12] , and thus, this form of therapy for treating food allergy was largely abandoned.
Despite these initial setbacks, research in the field of food immunotherapy has surged over the past 10 years, with efforts focusing on allergen exposure via the oral mucosa. Oral immunotherapy (OIT) and sublingual immunotherapy (SLIT) are two of the modalities that have been most extensively studied, and this article will review recent advances in our knowledge of the efficacy and safety of these treatments.
OIT
Over the past 10 years, many studies have examined the use of OIT in milk, peanut, and egg allergy. In OIT, the food protein is delivered as a powder or mixed in a vehicle and ingested. This form of immunotherapy is thought to activate the gut mucosal dendritic cells, which subsequently modulate circulating effector cells [13] . Current OIT protocols typically involve three phases: (1) initial dose escalation (modified rush desensitization), during which six to eight doses of allergen are given in a single day; (2) buildup dosing, which occurs every 1-2 weeks under observation until a maintenance dose is reached, usually over a period of 6 to 9 months; and (3) maintenance dosing, with daily dosing for months to years. While the amount of protein ingested varies significantly between studies, doses typically start in milligrams and increase to grams during maintenance. These higher doses of allergen are thought to increase both immune modulation as well as the risk of adverse reactions.
Milk Allergy
In 1998, Patriarca et al. published the first controlled trial examining the role of OIT in treating food allergy [14] . Fourteen individuals who were allergic to milk, egg, fish, and/or apple underwent desensitization to the allergenic food. Twelve of the 14 individuals successfully completed the desensitization protocol, and all 12 were able to tolerate the food in the diet without any adverse reactions. Since this time, multiple trials [15] [16] [17] [18] [19] [20] [21] [22] [23] and two meta-analyses [24, 25•] have been published examining milk OIT, which will be summarized below as well as in Table 1 .
Efficacy of Desensitization
Six randomized controlled trials of milk OIT have been published [16-19, 21, 23] . Three of these studies used food avoidance as the control [16, 19, 23] , whereas the other three used a placebo control [17, 18, 21] . While the three studies comparing milk OIT to food avoidance were heterogeneous in terms of the maintenance dose (150-200 mL, equaling 5-6.67 g of milk protein) and the duration of maintenance therapy (6 months-1 year), they each found that approximately 90 % of individuals were able to consume either a partial or full serving of milk at the end of treatment. In contrast, in the control group, 0-23 % were able to tolerate milk at the end of the studies by Longo et al. [16] and Martorell et al. [19] , while Morisset et al. found that 60 % of those randomized to food avoidance were able to consume 200 mL of cow's milk at the end of the study [23] . These studies demonstrate that while many children will naturally outgrow their milk allergy, milk OIT is more likely than avoidance to induce a state of clinical desensitization.
Similarly, three recent studies, with varying desensitization protocols and target maintenance doses (0.5-6.67 g/day), demonstrated that 67-92 % of individuals on milk OIT were able to complete the desensitization protocol and include milk in their diet at the end of treatment, compared to no children in the placebo arms [17, 18, 21] . In Skripak et al., when the placebo-treated children crossed over to active OIT, the median challenge threshold increased from 40 to 8140 mg using a maintenance dose of 500 mg [17] .
These studies were recently examined in a systematic review and meta-analysis of milk OIT by Yeung et al. [25•] . The authors found that 62 % of individuals who underwent OIT were able to consume at least 200 mL of cow's milk, compared to only 8 % of controls (risk ratio (RR) 6.61; 95 % confidence interval (CI) 3. 51-12.44 ). An additional 25 % (n= 27) of those on active treatment, compared to no patients in the control groups, were able to tolerate a partial serving of milk (10-184 mL/day) (RR 9.34; 95 % CI 2.72-32.09). While OIT for milk allergy appears to be efficacious, the authors concluded that the quality of evidence is low due to small studies with inconsistent methodology. Thus, larger, wellcontrolled studies with consistent methodology are needed prior to considering milk OIT for clinical use.
Long-Term Efficacy
While milk OIT appears to induce desensitization during treatment, few studies have examined either sustained unresponsiveness, in which individuals do not react to the food after avoiding it for a period of time, or its long-term efficacy and safety. Meglio et al. reported that 4 years after completing milk OIT, of the 18 children who achieved partial or full desensitization, 14 (78 %) were still able to tolerate milk, and no child had received emergency care for adverse reactions to milk [26] . Salmivesi et al. also examined the longterm efficacy of their OIT study discussed above. Approximately 3 years after completion of the initial study, the authors found that one child had stopped consuming milk because of an atopic dermatitis and asthma flare. When the family tried to reintroduce milk, the child developed anaphylaxis and avoided milk products thereafter. It was thus determined that the long-term success of this therapy was 79 % [21] .
In 2013, Keet et al. [27•] described the long-term efficacy of two milk OIT studies performed at Johns Hopkins and Duke University [17, 28, 29••] . Subjects were contacted between 3 and 4 years after study completion and questioned about their milk consumption and adverse events. The authors found that 22 % of patients limited their milk consumption because of symptoms, including anaphylaxis, that 6 % only ate trace amounts of milk or baked milk, and that 16 % of children avoided milk entirely. These results were very concerning given that most of the children were tolerating large amounts of milk at study completion. Table 1 .
In 2012, a multi-center study from the Consortium for Food Allergy Research (CoFAR) randomized 55 children to egg OIT (n=40), with a goal dose of 2000 mg egg protein/day or a placebo (n=15) [33••] . After 10 months of treatment, 22 children in the active group (55 %) passed an oral food challenge (OFC) to 5 g egg, as compared to no children in the placebo group (p<0.001). One year later, 30 children in the active group passed an OFC to 10 g egg (75 %). This study demonstrated that egg OIT is efficacious in inducing clinical desensitization compared to the placebo, and that efficacy appears to improve with longer duration of treatment.
Sustained Unresponsiveness
In the 2007 study of Buchanan et al. described above, the four children who passed the initial OFC were then instructed to avoid egg for 3-4 months, at which time they underwent another OFC. Two of these four children (29 %) successfully passed the OFC, whereas one child ingested 2 g and one child was only able to tolerate 24 mg before developing symptoms [30] .
In the CoFAR trial, the 30 children who had successfully passed an OFC after egg OIT [33••] avoided egg for 4-6 weeks, at which time a repeat 10 g OFC was performed, of whom only 11 passed this challenge without symptoms (28 %). These children were then followed for another year, and they continued to eat egg without restriction. These two studies highlight the fact that sustained unresponsiveness is only attained in a minority of patients undergoing OIT. The factors that predict and promote the development of sustained unresponsiveness remain unclear and warrant further investigation.
Peanut OIT

Efficacy of Desensitization
Early efforts at food OIT were directed toward milk and egg, and the first studies on peanut were performed many years later. In 2009, two open-label studies on peanut OIT that provided evidence of desensitization were published [35, 36] . Clark et al. treated four children with confirmed peanut allergy, and all were able to tolerate 800 mg of peanut protein/ day at the end of the study. Jones et al. enrolled 39 children, and 29 completed the protocol of ingesting 300 mg peanut protein/day. At the end of the study, 27 of the 29 children were able to pass a double-blind placebo-controlled food challenge (DBPCFC) to 3900 mg with only mild symptoms.
More recently, two randomized controlled trials of peanut OIT have been published. In 2011, Varshney et al. enrolled 28 children with confirmed peanut allergy and randomized them to receive peanut OIT (n=19), with a goal maintenance dose of 4000 mg peanut flour (2000 mg peanut protein)/day or placebo (n=9). All of the 16 children who completed active therapy and reached the goal maintenance dose passed a 5000-mg peanut flour OFC at the end of the study (84 %). In comparison, the children in the placebo group tolerated a median of 280 mg of peanut flour in the end of study OFC [37•] .
In 2014, Anagnostou et al. published results of a randomized controlled crossover trial of peanut OIT. Ninety-nine children were enrolled and randomized to receive active OIT (n=49) at 800 mg peanut protein/day or placebo (n=50). After 6 months of maintenance, ten children had withdrawn from the active group, and 24 of the remaining 39 children (62 %) were able to tolerate a challenge of 1400 mg of peanut protein without any symptoms. Thirty-three children (84 %) were able to tolerate the daily ingestion of 800 mg of peanut protein for 26 weeks. In comparison, no child in the placebo group passed the OFC or was able to tolerate daily peanut ingestion. After the children in the placebo group crossed over to active OIT, 25 of the remaining 46 (54 %) were desensitized, and 91 % were able to tolerate 800 mg of peanut protein daily [38••] .
While these two studies demonstrate that peanut OIT is modestly effective in inducing desensitization, the optimal maintenance dose and duration of therapy for achieving desensitization warrant further study.
Sustained Unresponsiveness
As with egg and milk OIT, few studies have examined whether peanut OIT induces a temporary state of desensitization or longer-term sustained unresponsiveness. In 2010, Blumchen et al. addressed this question in an open-label study of peanut OIT in 23 children. Of the 23 children enrolled, 14 completed the therapy and underwent a DBPCFC after 2 weeks of avoidance. Three children reacted at a lower dose than that which they had been ingesting daily, indicating a breakthrough in desensitization after just 2 weeks off therapy [39] . In 2014, Syed et al. reported results of an open-label study of peanut OIT with a dose of 4000 mg/day. Of 23 children undergoing active OIT, 20 (87 %) passed an OFC to 4000 mg at the end of treatment. These children were then instructed to avoid peanuts for 3 months, at which time a repeat OFC was performed. Seven of the 20 children (35 %) passed this avoidance OFC and were instructed to avoid peanut for another 3 months. At this 6-month follow-up OFC, only three children remained tolerant (13 %) [40] .
Safety of OIT
Adverse reactions are very common with OIT, with similar rates reported for milk, egg, and peanut. Local symptoms such as oral itching are most common, and reactions are generally mild, requiring either no treatment or antihistamines. Abdominal pain is the most common symptom leading to withdrawal from treatment, and moderate reactions, such as rhinoconjunctivitis, wheezing, vomiting, and urticaria, occur in a small percent of all doses. However, given that doses are given daily, the risk for each patient over an extended course of treatment is substantial. For example, in a study of milk OIT in young children, 47 % of subjects developed moderate reactions over the course of treatment [19] . More severe reactions requiring treatment with epinephrine and betaagonists are most common during dose escalation but can also occur during maintenance therapy [16] [17] [18] [19] [20] . Wasserman et al. reported that 95 reactions requiring epinephrine occurred during peanut OIT for 352 patients [41] . It is especially concerning that most severe reactions occur unpredictably, with a dose that has been previously tolerated, possibly triggered by co-factors such as infection, exercise, anxiety, or allergen co-exposure [20, 40, 42] .
A particular obstacle to moving these treatments to clinical practice is the high percent of patients who cannot tolerate OIT. Overall, 10-20 % of subjects have dropped out of OIT trials, with rates as high as 36 % in some studies. While some participants have withdrawn due to anaphylaxis or other acute reactions, the vast majority of withdrawals are due to chronic abdominal pain. Eosinophilic esophagitis has been documented in some of these cases, and it is not clear how frequently undiagnosed disease may complicate OIT [43, 44] . Further studies directed at minimizing adverse reactions are therefore critically important to move these treatments forward.
Omalizumab and OIT
In the last 3 years, two studies examined the use omalizumab in combination with OIT. In 2011, Nadeau et al. treated 11 children with omalizumab for 9 weeks, at which time they underwent rapid desensitization (0.1 to 1000 mg) to milk. For the next 8 weeks, they increased their milk dose to a goal of 2000 mg. At week 16, omalizumab was discontinued and milk consumption was maintained at 2000 mg/day for another 8 weeks. Nine of the ten patients reached the daily maintenance dose of 2000 mg/day, and all nine children passed the DBPCFC to 7250 mg at week 24 [45] . This study suggested that OIT can be escalated more rapidly when combined with omalizumab, although adverse reactions were still relatively common.
In another study, the combination of OIT and omalizumab was examined in peanut allergy in a pilot study of 13 children [46•] . The children were treated with omalizumab for 12 weeks, at which time they underwent rapid desensitization to peanut (from 0.1 to 500 mg) over 6 h. For the next 8 weeks, they underwent weekly up-dosing to a goal of 4000 mg peanut flour (2000 mg protein) daily. Omalizumab was discontinued at week 20, and the children underwent an 8000-mg peanut flour DBPCFC at week 32. Twelve of the 13 children reached the goal dose, and one patient withdrew because of persistent nausea and vomiting. All 12 patients passed the DBPCFC at week 32 and continued to eat 10 to 20 peanuts daily until the end of the study. This study suggests that omalizumab may be a useful adjunct in OIT but that intolerable symptoms requiring the discontinuation of OIT still occurred.
SLIT
In SLIT, the food protein is delivered sublingually in a liquid form, held for 2 min, and then swallowed. This form of immunotherapy is thought to capitalize on the tolerogenic antigen-presenting cells, Langerhans cells, which are present in the oral mucosa [47] . It is further thought that SLIT exposes the mucosal immune system to the food protein in its intact form, before possible epitopes are broken down through gastric digestion [48] . SLIT doses, however, are limited by the concentration of available extracts and the volume of liquid that can be held under the tongue. Thus, typical doses will start with microgram levels of the allergenic protein and increase to milligram doses by maintenance. Studies examining SLIT for specific foods will be described below and are listed in Table 2 .
Milk
In contrast to the numerous published studies examining milk OIT, only one study has examined the use of exclusively SLIT in milk allergy. In 2006, de Boissieu published a proof-ofconcept study, in which eight children with confirmed milk allergy underwent milk SLIT to a goal dose of 1 mL/day of cow's milk over 6 months [49] . Six of the eight children completed the protocol, but only three (38 %) were able to consume 200 mL of milk without symptoms at the final DBPCFC.
Peanut
Two DBPC randomized trials for peanut SLIT were published over the last 3 years. The first enrolled 18 children randomized to SLIT with a goal daily dose of 2500 μg (n=11) or a placebo (n=7). All 11 children in active therapy completed the desensitization protocol, and the median dose of peanut in the posttreatment DBPCFC was 1710 mg, compared to 85 mg for the placebo group [50] .
Shortly thereafter, the CoFAR group randomized 40 adolescents and adults to peanut SLIT with a maximum dose of 1386 μg/day (n=20) or a placebo (n=20). After 44 weeks of active treatment, all subjects underwent a 5000-mg DBPCFC to peanut, and the placebo group crossed over to receive a maximum of 3696 μg daily. At this OFC, 14/20 individuals on active therapy were considered "responders," meaning that they could consume either 5 g of peanut or tenfold higher doses than their entry DBPCFC. The median tolerated dose in this group increased from 3.5 to 496 mg after treatment, compared to 71 mg in the placebo group, which was not significantly different. After six additional months of active therapy, the median tolerated peanut dose increased further to 996 mg. For the placebo-treated subjects who crossed over to a higher-dose SLIT, after 44 weeks, 7 of the 17 receiving treatment were "responders," with the median dose in this group increasing from 71 to 603 mg [51•] . The authors concluded that peanut SLIT induced a modest level of desensitization in most of the children, and it appeared that the longer duration of treatment was more efficacious.
Other Foods
Enrique et al. performed the first DBPC randomized trial for the treatment of food allergy, in which 29 individuals were randomized to active treatment with hazelnut extract (n=12) or a placebo (n=11) [52] . After 8-12 weeks of treatment, 11 individuals reached the target dose, and 5 of these 11 (42 %) were able to ingest 20 g of hazelnut in a DBPCFC without symptoms. In contrast, only 1 of the 11 individuals in the placebo group was able to ingest 20 g. While only 42 % of subjects receiving the active treatment were able to eat hazelnut ad lib, the mean tolerated dose increased from 2.29 to 11.56 g.
In 2009, Fernandez-Rivas et al. examined the use of SLIT for treatment of peach allergy using a Pru p 3 extract [53] . Fifty-six individuals were randomized to active treatment (n= 37) with a goal of 10 μg of Pru p 3 three times weekly or a placebo (n=19). After 6 months of active treatment, 33 individuals completed the therapy, and 32 individuals were able to tolerate the maintenance dose. Compared to the placebo, this group was able to tolerate three-to nine-fold higher doses of peach after therapy.
Safety
In the above studies, SLIT was very well tolerated. The majority of patients experienced symptoms from this treatment, but they predominantly complained of local oropharyngeal itching, which typically resolved without treatment. Fleischer et al. reported that 63 % of 10,855 doses received were symptom free, and this increased to 94 % when oropharyngeal symptoms were excluded [51•] . Systemic symptoms were very rare [52] , and most adverse reactions occurred during the initial buildup phase [50] . The authors found that OIT was more efficacious than SLIT in inducing desensitization to cow's milk protein. While the food challenge threshold increased in all children on SLIT and OIT, this increase was more striking in the OIT groups. Whereas the threshold in the SLIT group increased sevenfold at 12 weeks, it increased 79-fold and 64-fold among the OIT children (OITA and B, respectively). At 60 weeks, this further increased to 40-fold among the SLIT group, versus 54-fold and 159-fold among the OIT groups (A and B, respectively).
The study further assessed whether SLIT or OIT was more likely to induce a state of sustained unresponsiveness. At 68 weeks of treatment, one of ten children in the SLIT group, six of ten in OITB (1 g/day), and eight of ten in OITA (2 g/ day) passed the DBPCFC and were instructed to avoid milk. After 1 week of avoidance, two children in the OITB group reacted in the repeat DBPCFC. The other children continued to avoid milk for five more weeks, and at the final challenge, one child in the SLIT group, three children in OITB, and five children in OITA demonstrated sustained unresponsiveness. The authors further note that two children reacted after just 1 week of avoidance, highlighting the fact that individuals should continue on an inclusionary diet for an indefinite period of time after treatment.
With regard to safety, they found that while the overall reaction rate was similar among children undergoing SLIT and OIT (29 v. 23 %, respectively), the reactions during OIT were more likely to involve multiple systems, upper and lower respiratory tracts, and the gastrointestinal tract. Furthermore, there was more need for the use of beta-agonists and antihistamines in reactions with OIT compared to SLIT [29••] . The authors thus concluded that while OIT was found to be more efficacious, this treatment was accompanied by more systemic side effects.
In the second study, Chin et al. performed a retrospective study, comparing the results of two previously published SLIT and OIT protocols for peanut allergy. Twenty-seven children underwent peanut SLIT to a goal dose of 2 mg/day, and 23 children were treated with peanut OIT to a goal dose of 4000 mg/day. After 12 months of therapy, the children underwent a DBPCFC to 2500 mg (SLIT) and 5000 mg (OIT) [54•] .
Similar to Keet et al., the authors found that OIT was more efficacious than SLIT for inducing desensitization to peanut protein. Of the 23 children who underwent OIT, 18 completed the desensitization protocol and 16 passed the DBPCFC after 1 year of therapy (70 %). In contrast, while all 27 children in the SLIT group completed the therapy, only eight (30 %) passed the 1-year DBPCFC. Even despite the lower challenge dose in the SLIT group, the authors found that OIT subjects were three times more likely to pass a DBPCFC after treatment than those undergoing SLIT (RR 3.00; 95 % CI 1.64-5.49) [54•].
Comparison of Mechanisms
While both SLIT and OIT have been shown to induce immunologic changes consistent with desensitization, children undergoing OIT were found to have a more profound drop in food-specific IgE [ 
Conclusion
Recent advances in food immunotherapy research have given many patients and practitioners hope for a widely available treatment for food allergy. The studies presented in this review demonstrate that desensitization can be achieved in many patients undergoing either OIT or SLIT. Whereas individuals on OIT appear to reach higher challenge thresholds, have greater changes in immunologic measures of desensitization, and have a higher chance of achieving sustained unresponsiveness than those on SLIT, this is accompanied by an increase in the risk of both systemic reactions and intolerable gastrointestinal symptoms during treatment.
While the studies conducted to date are promising, many risks need to be addressed before food immunotherapy should be used in clinical practice. Systemic reactions are known to occur unpredictably during treatment, and at present, it does not appear that food immunotherapy decreases the risk of systemic reactions compared to those practicing food avoidance. It is also unclear whether food immunotherapy, which requires frequent visits and close follow-up, is a cost-effective treatment compared to food avoidance. Finally, little is known about the optimal duration or long-term efficacy of these therapies, potentially leaving treated patients at high risk of subsequent reactions with even brief lapses in exposure. Thus, while these therapies are promising, further research to optimize therapy and reduce risk is clearly needed.
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